An enzyme that plays an important role in the repair of oxidative DNA damage is the 3′-phosphodiesterase. This activity, which repairs damaged DNA 3′-termini, can be detected using several available biochemical assays. We present a method to detect 3′-phosphodiesterase activity of renatured proteins immobilized in polyacrylamide gels. The model substrate, labeled with [α-32 P]dCTP, contains 3′-phosphoglycolate termini produced by bleomycin-catalyzed cleavage of the self-complementary alternating copolymer poly(dGdC). The DNA substrate is incorporated into the gel matrix during standard SDS-PAGE. Active 3′-phosphodiesterase enzymes are detected visibly by the loss of radioactivity at a position corresponding to the mobility of the enzyme during SDS-PAGE. Using this procedure, two Escherichia coli 3′-phosphodiesterases, exonuclease III and endonuclease IV, are readily detected in crude cell extracts or as homogeneous purified proteins. Extracts of mutant cells lack activity at the positions of exonuclease III and endonuclease IV but retain activity in the position of a much larger protein (M r ≈100 kDa). The identification of this novel 100 kDa E.coli 3′-phosphodiesterase demonstrates the potential value of the activity gel method described here.
DNA repair enzymes are ubiquitous in cells. They make a significant contribution to genome stability by removing potentially mutagenic DNA lesions which cannot be removed by polymerase-associated 3′-exonucleases. Several enzymatic assays have been developed to detect 3′-phosphodiesterase activity (1) (2) (3) (4) (5) (6) . In situ methods for the study of 3′-phosphodiesterase and AP endonuclease activities have been developed using DNA blotting (7), two-dimentional gel electrophoresis (8, 9) or a one-dimensional gel with 3′-phosphoglycoaldehyde polymer substrate (10) . This paper describes an in situ activity gel for 3′-phosphodiesterase that detects the activity of either complex heterogeneous protein samples or highly purified enzymes. The substrate preparation uses standard laboratory materials and can be completed in 2 days. This method constitutes a significant improvement over the previously published one-dimensional activity gel procedure in which substrate preparation required specialized materials and a preparation time of at least 1 week (4, 10) .
The DNA substrate is prepared from the alternating copolymer poly(dGdC), as summarized schematically in Figure 1 . During self-annealing by heat denaturation followed by slow cooling, poly(dGdC) forms a duplex DNA structure with nicks and gaps Figure 1 . Preparation of substrate for in situ 3′-phosphodiesterase assay. poly(dGdC) was resuspended at a concentration of 1 µg/µl in 10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mM Na 3 EDTA, heated at 80_C, cooled to room temperature, and stored at 4_C. The self-annealed substrate was treated with E.coli DNA Pol I and T4 DNA ligase to incorporate [α-32 P]dCTP, remove gaps and 3′-hydroxyl termini (labeled cytosines are indicated by bold underline type; P and PG indicate 3′-phosphoryl and 3′-phosphoglycolate termini, respectively). The reaction included 124 µg substrate in 200 µl containing 20 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 15 µg/ml BSA, 2 mM DTT, 10 µM dCTP, 125 µM d(AGT)TP and 0.4 µM [α-32 P]dCTP. After addition of 12.5 U Pol I, the reaction was incubated at 37_C for 30 min. ATP was added to 1.25 mM, 800 U T4 DNA ligase were added, and incubation was for 30 min at room temperature. The reaction was stopped by addition of Na 3 EDTA to 10 mM. An aliquot was removed to determine the specific activity of the polymer substrate (1.5-3 × 10 6 c.p.m./µg). The sample was extracted twice with phenol/chloroform, precipitated with ethanol, and resuspended in 50 µl buffer containing 10 mM Tris-HCl, pH 8.0, 50 mM KCl, 10 mM MgCl 2 , 1 mM ATP, 40 µg/ml BSA, 8 mM DTT, 0.1 mM Na 3 EDTA. Twenty units of T4 polynucleotide kinase were added and incubation was for 10 min at 37_C followed by 10 min at 65_C. The sample was incubated overnight at 16_C in the presence of 1000 U T4 DNA ligase, phenol/chloroform extracted once, and precipitated with ethanol. The pellet was resuspended in 80 µl 50 mM NaH 2 PO 4 , pH 7.2, 20 mM NaCl. Cleavage by bleomycin was carried out in the same buffer in a 160 µl reaction containing 0.5 mM DTT, 0.5 mM bleomycin and 0.13 mM iron ammonium sulfate for 30 min at room temperature. The sample was extracted once with phenol/chloroform, precipitated with ethanol and resuspended in 60 µl buffer containing 10 mM Tris-HCl, pH 8.0, 0.1 mM Na 3 EDTA and 20 mM NaCl. The cleavage efficiency was monitored by analyzing aliquots taken pre-and post-bleomycin treatment on an agarose gel (average lengths ≈1 and 0.1-0.2 kb, respectively). Substrate was stored at 4_C and used within 10 days of its preparation. Note that the figure is a schematic diagram; it shows some of the representative structures likely to be present in the polymer substrate.
( Fig. 1, step 1) . The polymer is radiolabeled and gaps are filled in during nick translation by DNA polymerase I in the presence of [α-32 P]dCTP. Subsequently, nicks and dsDNA ends are sealed by treatment with T4 polynucleotide kinase and T4 DNA ligase (Fig.  1, step 2) . Cleavage of the polymer by bleomycin, which demonstrates preferential cleavage of GpC dinucleotides (11) creates double strand breaks with 3′-terminal [ 32 P]phosphoglycolate. Under the conditions for substrate preparation described in the legend to Figure 1 , a large fraction of 3′-phosphoglycolate ends will be 32 P-labeled with some additional sites of [α-32 P]dCMP at internal positions of the polymer (Fig. 1, step 3) . The polymer is *Tel: +1 919 541 2799; Fax: +1 919 541 7593; Email: sander@niehs.nih.gov Figure 2 . Detection of homogeneous exonuclease III and endonuclease IV in the presence and absence of MgCl 2 . The unpolymerized gel matrix contained 11.7% acrylamide, 0.3% bisacrylamide, 0.37 M Tris-HCl, pH 8.8, 0.05% SDS, 50 µg/ml thyroglobulin, 2 µg/ml salmon sperm DNA, 1 µg/ml bleomycintreated poly(dGdC), 0.0005% riboflavin and 0.1% TEMED. The gel solution was poured into a 5 ml gel mold (BioRad MiniPROTEAN II; 7 × 10 × 0.075 cm) and polymerized by exposure to fluorescent light for 20 min. No stacking gel was employed. After polymerization the gel was chilled to 4_C. Electrophoresis running buffer (0.192 glycine, 25 mM Tris, 0.05% SDS) was prechilled to 4_C. Protein samples were prepared in loading buffer (5% glycerol, 37.5 mM Tris-HCl, pH 6.8, 1% SDS, 50 mM DTT, 0.05% Bromphenol blue) and heated for 3 min at 37_C prior to loading. Electrophoresis was carried out at 150 V at room temperature for ∼60 min. Gels were processed by gentle shaking at room temperature in 50 ml renaturation buffer (50 mM Tris-HCl, pH 8.0, 20 mM NaCl, 0.2 mM Na 3 EDTA, 100 µg/ml BSA, 5% glycerol, pre-chilled to 4_C) for 4 × 45 min, followed by 2 × 10-16 h at 37_C in 50 ml renaturation buffer containing 0.5 mM DTT and with (A) or without (B) 5 mM MgCl 2 , 2 × 5 min at room temperature in dH 2 O and 2 × 20 min at room temperature in 20% isopropanol, 10% acetic acid. Gels were dried, exposed in Molecular Dynamics phosphorimager cassettes and imaged using the Molecular Dynamics ImageQuantNT program.
incorporated into an SDS-polyacrylamide gel matrix. After electrophoresis of proteins through the matrix, the SDS is removed by buffer exchange and cofactors are added for enzyme function. The gel is then fixed, dried and imaged using a phosphorimager.
Titrations of purified Escherichia coli exonuclease III and endonuclease IV were carried out to determine the sensitivity of this assay system. Activity is detected as a light band on a dark background due to loss of labeled DNA at the position corresponding to the mobility of the protein during SDS-PAGE [apparent mobilities of 33 and 25 kDa for exonuclease III and endonuclease IV, respectively (10)]. Twenty-five ng of these two homogeneous 3′-phosphodiesterases is readily detected (Fig. 2,  lanes 3 and 6) . Importantly, the exonuclease-deficient enzyme, endonuclease IV removes significant amounts of label from the substrate, indicating that the ratio of internally-located 32 P to 3′-terminally-located 32 P is low, allowing the activity of endonuclease IV to be detected. In addition, as reported from other studies in solution, exonuclease III demonstrates Mg 2+ -dependent activity (12) , while endonuclease IV demonstrates Mg 2+ -independent activity (13) (Fig. 2: compare A, lanes 2 and 5 with B, lanes 1 and 2). It is important to note that activity is only detected in this method if an enzyme recovers a native or near native conformation upon renaturation, making it difficult to interpret a negative result. . Activity gel analysis of total cell extracts from wild-type and repair deficient E.coli strains. The gel was prepared and processed as described in the legend to Figure 2A . Extracts of E.coli cells were prepared as described (14) . Additions were as follows: lane 1: 0.1 µg endonuclease IV; lane 2: 0.1 µg exouclease III; lanes 3-5: E.coli RR1 (wt) extract, 30, 10 and 3 µg, respectively; lanes 6 and 7: E.coli LG101 extract (xthnfo), 25 and 5 µg respectively. Mobilities of molecular weight markers are indicated. An arrow and asterisk indicate the position of the ≈100 kDa active protein (see text).
The specificity and sensitivity of the in situ assay was characterized further by testing crude extracts of either wild-type (RR1) or repair-deficient [LG101 (14) ] E.coli cells. In wild-type extract, three activities are detected with as little as 3 µg total protein (Fig. 3, lane 5) . The activities correspond to proteins whose M r ≈ 100, 33 and 25 kDa. The 33 and 25 kDa species are the known E.coli proteins, exonuclease III and endonuclease IV (Fig. 3, lanes 1 and 2) , while the M r ≈ 100 kDa protein is of unknown identity. Appropriately, extracts of LG101, an xthnfo mutant strain deficient in exonuclease III and endonuclease IV, demonstrate only the M r ≈ 100 kDa band. Given the sensitivity and specificity of the in situ activity method described in these experiments, it may be a useful method for future studies of 3′-phosphodiesterase DNA repair enzymes.
